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Abstract 
Optimal sustained-yield pumping strategies were 
developed for the irrigated and industrialized eastern 
shore of the Great Salt Lake. The combined optimization 
and simulation model contains steady-state, finite-
difference, quasi-three-dimensional, groundwater flow 
equations embedded as constraints. The model computes the 
optimal spatial distribution of sustainable annual 
groundwater pumping rates for alternative scenarios. The 
addressed aquifer is a multilayer and confined/unconfined 
(linear/nonlinear) system. The research can help manage 
water in the study area, where the demand for water of 
sufficient quality and quantity is increasing due to 
urbanization. 
Introduction 
The basic question in managing groundwater concerns 
where and how much can be withdrawn from the aquifer over 
the long term without causing side effects. Within the 
last decade, combined simulation and optimization models 
have been developed to solve such questions. The combined 
models are classified as using either "the embedding 
method" or "the response matrix approach" (Gorelick, 1983). 
Recently, the embedding method has been utilized to develop 
optimal sustainable groundwater strategies for large or 
complex aquifer systems (Cantiller and Peralta, 1988, 
Gharbi et al, 1990, Takahashi and Peralta, 1991) . 
The East Shore area is located north of Salt Lake 
City. It covers about 450 square miles bounded by the 
Wasatch Front mountains on ·the East and the Great Salt Lake 
on the West. The study area extends from Willard on the 
north to Farmington on the south. The East Shore area has 
been growing rapidly from agricultural, business, and 
industrial products, and its population has tripled during 
the last 40 years (Price~ 1985). 
The groundwater reservoir is a three-layer aquifer 
system. The upper layer is shallow and unconfined. The 
middle layer is partially unconfined. The lower layer is 
deeply unconfined in the mountain side and confined near 
the Great Salt Lake. Near the shore, the potentiometric 
heads of the middle and lower aquifers are above the ground 
surface and many flowing wells are used for agriculture 
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(Balke and Waddle, 1972). Water levels in the East Shore 
area have declined for more than 40 years. The decline 
exceeds 50 feet in the vicinity of Hill Air Force Base, 
where large pumping wells serve M&I user. Planners hope to 
be able to use groundwater to meet water in the East Shore 
Area (Fig. 1). However, if the groundwater is not managed 
properly, several problems may result from declining in 
potentiometric heads. For example; pumping costs may 
increase, some flowing wells on agricultural lands may not 
produce the required discharge, and salt or brackish water 
may intrude from the Great Salt Lake. 
In this study, optimal sustained-yield, groundwater 
management strategies for the area were developed via an 
optimization model which uses the embedding method 
(Takahashi and Peralta, 1991). This paper includes the 
results of several data changes and more management 
scenarios than were reported previously. 
Model Formulation 
This modified version (Takahashi and Peralta, 1991) of 
the USU groundwater management model (Gharbi, et al, 1990) 
consists of: 
1. Objective function to maximize total groundwater 
extraction 
where, gi 
N 
maximize Z = ~ g1 
i•l 
groundwater pumping in a cell i, (L3/T); 
total number of cells with pumping wells; 
( 1) 
In the model, discharge, i.e. groundwater pumping, is 
a negative value, and recharge is a positive value. 
2. Constraints and bounds to describe the physical 
system and management desires. 
The steady-state finite-difference form 
three-dimensional groundwater flow equation 
Harbaugh, 1984) is used as a constraint (one 
and layer) . 
of the quasi-
(McDonald and 
for each cell 
CR1, i, j+1/2 (hl, i, j+l-hl, i, j) +CR1, i, j-1/2 (hl, i, j-1-hl, i, j) 
+CC1, i+1/2, j (hl, i+1, j-hl, i, j) +CC1, i-l/2, j (hl, i-1, j-hl, i, j) 
+CVl+1/2,i, j (hl+l, i, j-hl, i, j) +CV1-112, i, j (h1-1, i, j-hl,i, j) 
=gl . ·+qfl . ·+qrl . ·+qgl . ·+qdl . ·+qel . ·+qrdl .. (2) 
,l,J ,l,J ,l,J ,1,] ,1,) ,1,] ,l,J 
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Figure 1 
Layer 2 (Mktdle layer) 
layer 3 (lower layer) 
J.liloo 
Discretization of the East Shore area 
where, 
l, i, j 
hl, i, j 
T1,i, j 
CR .. 1 1,1,]+12 
cc ' /2 ' l,l+l ,) 
j j j j 
= 2dx.(T1 . ,T1 . , 1 )/(T1 .. dy. 1+T1 .. 1dy.) J ,l,J ,l,J+ ,l,J l+ ,l,J+ l 
i i i i 2dy. (T1 .. T1 . 1 .) I (T1 .. dx. 1+T1 . 1 .dx.) l ,l,J ,l+ ,] ,l,J ]+ ,l+ ,) J 
=layer, row, and column indices of a finite-
difference cell; 
=potentiometric head, (L); 
=transmissivity of a cell, (L2/T); 
The transmissivity of unconfined layer 1 is a 
function of head. Transmissivities of layers 2 
and 3 are assumed constant. 
dz,dy,dx=cell sizes in layer l, row i, and column j, 
( L) ; 
Kz 1,i,j =vertical hydraulic conductivity, (L2/T); 
g 1 ,i, j =pumping rate in a cell, (L3/T); 
qf1 ,i,j =discharge from flowing wells in a cell, (L3/T); 
qr1 , i, j =known recharge in a cell in the recharge area 
along the Wasatch Front, including bedrock 
recharge, unsaturated seepage from the Weber 
River and Ogden River, canal seepage, 
precipitation and irrigation seepage, (L'/T); 
qg1 , 1, j =saturated flow between the aquifer and general 
boundary head cells, that is used for 
estimating diffuse seepage from the aquifer to 
the Great Salt Lake, (L3/T); 
qct1 , 1, j =saturated flow leaving the aquifer in a cell 
with drains, (L3/T); 
qe1 , i, j =distributed discharge from evapotranspiration 
in a cell, (L3/T); 
qrct1, i, j =reduct ion of vertical flow between layer 2 
and layer 3 due to partial desaturation of the 
cell in layer 3, (L3/T) ; 
Bounds on pumping and head are: 
g 1 1 · · < g1 · · < g 01 · · and h 11 · · < h 1 · · ,l,J - ,l,J- ,l,J ,l,J- ,l,J 
where, L,U =notations of upper and lower bounds 
hL1, i, j= bottom elevation of layer 1 
To address the nonlinearity of the unconfined aquifer 
and nonsmooth functions such as evapotranspiration, 
discharge from drain and flowing well and vertical flow 
reduction, the model has to be rerun (cycled) until 
variables (heads) do not change with cycle (Gharbi et al., 
1990) . 
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Clark et al (1990) calibrated the McDonald and 
Harbaugh (1984) model for the aquifer. We used their 
calibrated parameters and unmanageable fluxes within an 
USUGWM. Such date included, for example, the 1970-1984 
average annual recharge rate of 10,700 acre-ft. They 
estimated an average 1980-1984 annual pumping from M&I 
wells of 23,400 acre-ft. As described below, this value, 
appropriately spatially distributed, is used as a lower 
bound on·optimal pumping in USUGWM. 
Model Application 
Due to the rapid urbanization in the area during the 
last 20 years, the demand for M&I water has increased 
markedly, but demand for irrigation water, which is mainly 
obtained from the Weber River, has not increased as much as 
expected. Common assumptions for all scenarios are: 1) it 
is more important to extract groundwater for M&I use than 
to have flowing wells for agricultural use 2) it is 
desirable that optimal pumping not be less than current 
(1980-1984) pumping in any cell. 
In overview, scenario 1 is the no-management option. 
Optimal sustainable annual groundwater pumping rates were 
computed using the USUGWM for scenarios 2, 3, and 4. Those 
scenarios were developed using different sets of bounds on 
withdrawal rate from existing pumping wells. 
Scenario 1: USUGWM and a modified McDonald and Harbaugh 
model were used only for simulation. Here, steady-state 
predictive simulation estimated the w·ater-level declines 
that would ultimately result from continuing current 
pumping and allowing discharge from flowing wells to be 
affected appropriately. 
Scenario 2a: The lower bound on pumping was the current 
withdrawal rate for all existing pumping wells. For most 
cells, the upper bound on pumping was twice the current 
withdrawal rate for existing pumping wells in those cells. 
In the 13 cells that contained U.S. Bureau of Reclamation 
(USER) and Hill Air Force Base wells, well capacity was the 
upper bound on pumping. 
Scenario 3a: The upper bound on pumping was twice that of 
scenario 2a, except for cells containing USER and Hill Air . 
Force Base wells. Other bounds were the same as scenario 
2a. 
Scenario 4a: For most cells, except those containing USER 
and Hill Air Force Base wells, the upper bound on pumping 
was 1.114 cfs (500 gpm) larger than in scenarios 2a and 3a. 
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Other bounds were the same as scenario 2a. 
In scenarios 2b, 3b, and 4b, the lower bounds on 
pumping were 90% of the current withdrawal rate for all 
existing pumping wells. Other bounds were the same as 
scenario 2a, 3a and 4a, respectively. 
Results and Discussion 
Computed steady-state water budgets of the aquifer are 
summarized in Table l. For scenarios 2a, 3a, and 4a, 
optimal sustainable groundwater pumping rates were 119%, 
134%, and 203% of the current pumping rate, respectively. 
Discharges of the flowing wells are 89%, 83%, and 56% of 
the unmanaged discharge rate. An increase in pumping in 
the urban area along the Wasatch Front decreases water from 
flowing wells that is available for agriculture. USUGWM 
appropriately reduces discharge from naturally flowing 
wells when head drops below the ground surface. 
By setting the lower bound on pumping to 90 % of the 
current pumping (thus, giving USUGWM more freedom), optimal 
sustainable groundwater pumping rates increased. For 
scenario 2b, the increase was 4 cfs, 11 % of that of 
scenario 2a. On the other hand for scenario 4b, the 
increase was less than 1 cfs, 1 % of that of scenario 4a. 
For all management scenarios, large pumping wells in 
the vicinity of the Hill Air Force Base didn't increase in 
discharge. However, pumping wells outside of the principle 
pumping center increase in pumping. 
For all scenarios, peaks of declines of potentiometric 
head in layer 3 occurred near North Ogden, near Farmington, 
and near the shore in the northwestern part. In the 
vicinity of the Hill Air Force Base, for scenarios 1, 2, 
and 3, no significant declines of potentiometric head 1985 
levels) occurred in layer 3. On the other hand for 
scenario 4, the declines in layer 3 were 10 to 20 ft. 
Summary 
This paper presents the utility of the embedding 
method in optimizing sustained-yield planning. Using a 
modified version of the USU groundwater management model, 
optimal sustained-yield strategies were computed for a 
large, three-layer aquifer system which is discretized into 
4880 finite difference cells. 
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Table 1 Computed steady-state water budgets of the aquifer 
Items Scenario 1 Scenario 2a Scenario 3a Scenario 4a 
(Qfi;i} (Q;b:~} (Qf~} (Qf~l 
A. Becba:t:ge 
:tQ the gg:y;i.;ber 148 148 148 148 
B. Dis:H:.;ba1:g:e 
fl:QID tbe ag:yitsn;: 
Pumping wells 32 38 43 65 
Flowing wells 36 32 30 20 
Evapotranspiration 8 8 8 7 
Drain discharge 51 49 47 38 
J:!j fflJ!3ed. ~efUJQ.ge 2.1. 2.l 2.Q. l.B. 
~Qtal H8 118 l18 148 
Items Scenario 2b Scenario 3b Scenario 4b 
A. B.fH.;;;ba.:ge 
to the ag;uj fe:t: 148 148 148 
B. Dl~cbat:ge 
fJ::Qm tbe ag3d fe:t: 
Pumping wells 42 45 66 
Flowing wells 30 29 19 
Evapotranspiration 8 8 7 
Drain discharge 47 46 38 
Diffuaed ~ee~ag:e· 2.l 2..ll. ll 
4 
References 
Balke, K.L., and Waddell K.M., "Groundwater conditions in 
the East Shore Area, Box Elder, Davis, and Weber counties, 
Utah, 1960-1969,'' Technical Publication No. 35, Sate of 
Utah, Department of Natural Resources, Salt Lake City, 
Utah, 1972. 
Clark, D.W., Appel, C.L., Lambert, P.M., and Puryear R.L., 
"Ground-water resources and simulated effects of 
withdrawals in the East Shore Area of Great Salt Lake, 
Utah," Technical Publication No. 93, State of Utah and 
United States Geological Survey, Salt Lake City, Utah, 
1990. 
Gharbi, A., Peralta, R.C., and Waddell, K.M., "Modelling 
for potentiometric surface management of multilayer aquifer 
systems," International Summer Meeting, Columbus, Ohio, 
American Society of Agricultural Engineers, Paper No. 90-
2060, 1990. 
6 
Gorelick, S.M., "A review of distributed parameters 
groundwater management modeling method,'' Water Resources 
Research, Vol. 19, No. 2, pp. 305-319, 1983. 
Cantiller, R.R.A .. and Peralta, R.C., "VILMA: Virtually 
interactive large scale model for Arkansas," International 
Irrigation Center Report IIC-88/1, Utah State University, 
Logan, Utah 
McDonald, M.G., and Harbaugh, A.W., ''A three-dimensional 
finite difference groundwater model," U.S.Geologi~al 
Survey. Open File Report 83-875, 1984. 
Price D., "Ground water in Utah's densely populated Wasatch 
Front area - The challenge and the choices," USGS Water-
Supply paper 2232, U.S. Geological Survey, Salt Lake City, 
Utah, 1985. 
Takahashi S., and Peralta, R.C., "Optimal Aquifer Planning 
with Salt Water Boundary," The American Society of Civil 
Engineers' Irrigation and Drainage Division Conference in 
Honolulu, Hawaii July 22-24, 1991. 
Acknowledgement 
The authors are grateful to Ali Gharbi for his 
support. We appreciate the financial support of the Dept. 
of Agricultural and Irrigation Engineering and the 
Agricultural Experiment Station, Utah State University, 
Logan, UT 84322-4810 and of Nippon Koei, Co.,Ltd. 
7 
